RELATION  BETWEEN  PARTICULATE  CKEStrSTEY  ANP  CERAMIC  PROPERTIES 


00. 

Oi 


ANNUAL  REPORT 


1  January  1970  -  31  December  1970 


Contract  N0001U-70-C-0138 
AVSD-0024-71-CR 


Prepared  by 

W.H.  Rhodes 
B.J.  Wuensch 
T.  Vaailcs 


Prepared  for 

Office  of  Naval  Research 
Washington,  D.C.  20360 


Submitted  by 


AVCO  CORPORATION 
Systems  Division 
Lowell,  Massachusetts  018^1 


Reproduction  in  whole  or  in  part  is  permitted  for  any 
purpose  of  the  U>8.  Oovemment.  Distribution  of  this 
document  is  unlimited. 


Rmproducvd  bv 

NATIONAL  TECHNICAL 
INFORMATION  SERVICE 

Sprinpflpid*  Vi.  221S1 


!■  I  -'I  '  " 

'Approv^ed  tor  pubUc  rel^ 
T««tribution  Unlfoutec^ 


RflATION  BETWEEN  PARTICULATE  CHEMISTRy  AND  CERAMIC  PROPERTIES 


ANNUAL  REPORT 


1  January  1970  -  31  December  1970 


Contract  N00014-70-C-0138 
AV3D-0024-71-CR 


Prepared  by 

W.H.  Rhodes 
B.J.  Wuensch 
T.  Vasilos 


Prepared  for 

Office  of  Naval  Research 
Washington,  D.C.  20360 


Submitted  by 

AVCO  CORPORATION 
Systems  Division 
Lcwell,  Massachusetts 


01651 


Reproductior.'  in  whole  or  in  part  is  permit!  'd  for  any 
purpose  of  the  U.S.  Government.  Distribution  of  this 
document  is  unlimited. 


FOREWORD 


This  report  vas  prepared  by  the  Systems  Division  cf  Avco  corporation 
under  U.S.  Navy  Contract  N00014-70-C-0138  entitled,  "Relation  Between 
Particulate  Chemistry  and  Ceramic  Properties". 

The  work  was  administered  under  the  direction  of  Dr.  Arthur  Dlness, 

Offic  of  Naval  Research. 

This  report  covers  work  conducted  from  1  Jemuary  1970  to  31  December  1970. 

The  authors  are  pleased  to  acknowledge  the  contributions  of  the 
following  individuals  to  the  program:  J.  Centorlno  and  J.  Zgrebnak  for 
materials  preparation,  R.  Gardner  and  P.  Fuce  for  ceramographic  preparation, 

C.L.  Houck  for  electron  microscopy  and  P.  Bemeburg  for  x-ray  studies. 


Progress  is  described  in  the  first  year  of  a  program  designed  to 
examine  the  relation  of  mechanical  properties,  grain-growth  kinetics  and 
impvirity  precipitate  distribution  to  the  characteristics  and  chemistry  of 
initial  MgO  particulates  at  progressive  stages  during  microstructure  evolution. 
El forts  have  concentrated  on  production  of  an  ultrapure,  fully  dense  micro- 
structure  which  will  form  the  standard  with  which  subsequent  experiments  with 
doped  particulates  will  be  compared.  Magnesium  o...j.de  vacuum  hot  pressed 
specimens  >rere  prepared  from  static  and  dynamically  calcined  high  purity 
(2  99>99f>  MgO)  Mg(0H)2  and  MgCO^  powders.  Microstruccure  development  was 
studied  at  stages  in  the  calcining  and  consolidation  processes  and  it  was 
learned  that  abnormal  grain-growth  be^ns  at  the  70^  density  level  in  Mg(0H)2 
derived  material.  Crystallites  are  crystallographically  oriented  to  one 
another  and  form  an  agglomerate  \diich  is  a  relic  of  the  brucite  crystal  and 
have  very  rapid  grain-growth  rates.  Fully  dense  1150°C  hot  pressed  specimens 
had  a  marked  duplex  structure,  but  pressing  at  l450Oc  resulted  in  material  with 
a  normal  grain  distribution.  This  unusual  reversion  from  abnormal  back  to 
normal  grain  distribution  was  probably  due  to  competition  between  boundary 
and  pore  control  on  grain  growth.  Sli^t  introduction  of  Fe  and  Zn  occurred 
during  consolidation,  but  Cl,  S  and  Na  volatilize  and  the  total  impurity 
content  of  the  compacts  is  less  than  that  of  the  starting  material.  MgCOo 
derived  material  resulted  in  normal  grain  distributions  when  pressed  at.  II5OOC 
but  abnormal  grain  size  distributions  developed  at  higher  temperatures. 

Grain  growth  studies  were  performed  at  two  temperatures  on  Mg(0H)2 
derived  material  having  a  normal  grain  size  distribution.  The  growth  rate 
decayed  well  beyond  the  normal  square  dependence  due  to  the  transition  from 
boundary  control  to  pore  control  and  then  to  abnormal  grain  growth  resulting 
from  the  critical  relations  between  grain  size  and  pore  size  (the  0.1  to 
0.4^  porosity  only  became  apparent  during  the  anneals).  A  discussion  and 
explanation  of  the  various  grain  growth  studies  in  MgO  is  included. 
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I.  lUTRODUCnON 


Polycrystalline  bodies  are  Involved  in  nearly  all  applications  of 
ceramics .  Many  of  the  useful  properties  of  such  materials  are  controlled  by 
grain  size  and  grain  boundary  properties.  The  relationship  between  grain  size 
and  mechanical  properties,  for  example,  has  long  been  known.  Equally  important, 
however,  is  the  physical  emd  chemical  state  of  the  grain  boundaries  in  the 
material.  It  has  been  only  recently  appreciated  that  impurities  in  ceramics 
are  commonly  segregated  at  grain  boundaries  even  when  present  in  concentrations 
as  low  as  30  ppm.  Boundary  sensitive  properties  may  thus  be  completely 
dominated  l_,_ltles  ewn  in  samples  whose  buP^  composition  indicates  a 
fairly  hij^  purity. 

In^jurlty  segregation  may  Influence  ceramic  properties  at  two  levels. 

First,  many  aspects  of  the  behavior  of  ceramics  depends  directly  on  the 
physical  state  of  the  boundaries.  Segregation  may  give  rise  to  enhanced  mass 
transjKirt  at  grain  boundaries^  and  thviB  completely  modify  the  kinetics  of 
processes  such  as  creep,  oxidation,  electrical  conduction  and  sintering. 
Segregation  is  similarly  known  to  directly  affect  strength  and  mechanical 
behavior. 3  On  a  second  level,  impurity  segregation  Influences  microstructure 
development  and  thus,  throu^  its  influence  during  processing,  may  control 
final  properties  ^Ich  are  dependent  upon  microstructure.  An  example  is  the 
intentional  addition  of  small  amoants  of  inq^urlty  to  retard  grain  growth  during 
sintering.  This  proven* the  entiupment  of  pores  within  grains  and  thereby 
has  permitted  sintering  of  oxides  to  full  theoretical  density. 

Few  studies  of  boundary-sensitive  properties  have  adequately  characterized 
the  physical  and  ch«ailcal  state  of  grain  boundaries.  Consequently,  little 
is  known  of  the  relation  between  the  chemistry  of  the  initial  particulates 
from  which  e  ceramic  body  is  formed,  and  the  impurity  distribution  in  the  final 
mlcrostructure.  Similarly,  little  is  known  of  how  Impurity  precipitate  size 
and  distribution  changes  during  the  course  of  microstructure  evolution,  or  the 
manner  In  which  such  changes  influence  properties.  Such  questions  are 
difficult  to  answer  since  s  grain  boundary  is  essentially  a  two-dimensional 
structure.  The  volume  of  material  affected,  and  the  amounts  of  Impurity 
Involved  may  thus  be  very  small.  Recently  developed  tools  -  notably  scanning 
spectroscopy,  electjron  microbes®  probe  spectroscopy,  and  electron  microscopy 
provide  promising  means  for  gaining  insight  into  such  problems. 

n.  OBJBcrrvss  of  ths  pwsarr  raocaiAM 

The  present  report  the  first  Annual  Report  in  a  prograr  designed  to 
examine  the  Inter-relatloa  of  mBchanlcal  properties,  grain-growth  kinetics 
impxu*ity  precipitate  dlstrlhutioo  with  the  characteristics  and  chemistry  of 
the  Initial  particulates  at  progressiva  stages  during  the  evolutlcm  of  s 
ceramic  mlcrostructure .  Msgossium  oocide  has  been  selected  for  study  for  a 
number  of  raaaona.  This  material  Is  of  considerable  technological  importance 
(e.g. ,  as  a  refractory,  use  as  transparent  armor,  and  in  high  te^erature 
infrared  applications).  Sevej^  maasureoents  of  grain-growth  kinetics  have 
been  made  for  this  aaterlal**''  which  are  not  in  complete  accord.  Clarlficiction 
of  these  measurements  with  a  well-characterised  magnesia  is  badly  needed. 
Further,  extensive  data  are  available  for  the  rates  of  diffusion  of  several  of 


-2- 


the  Impvirity  cations  commonly  present  In  commercial-grade  MgO.®  Such  data 
will  be  of  value  in  the  lnte]T>retation  of  the  rates  of  impurity  segregation 
and  redistribution. 

The  specific  aims  of  this  program  are  eventual 

1)  Preparation  and  characterization  of  ultrapure  MgO 
particulates  and  also  particulates  \rtilch  have  been 
homogeneously  doped  with  controlled  amounts  of 
impurity, 

2)  consolidation  of  the  particulates  into  initial  bodies 
which  are  pore-free  and  have  both  a  fine  and  uniform 
grain  size, 

3)  Measurement  of  isothermal  gradn -growth  kinetics  for 
both  ultrapure  and  doped  materials, 

h)  Determination  of  impurity  precipitate  concentration 
6ind  distribution  at  successive  stages  of  micro- 
structure  evolution,  and 

5)  correlation  of  mechanical  properties  with  precipitate 
distribution  and  microstructure. 

As  reviewed  in  the  following  section,  the  results  of  przAlous  studies 
of  magnesia  differ-.  The  disparities  are  uaioubtedly  due  to  impurity  effects 
and  minor  levels  of  porosity.  Accordingly,  the  first  year's  eflort,  in  the 
present  program  was  primarily  concerned  with  the  production  and  characterization 
of  fine  ultrapure  MgO  particulates,  and  their  consolidation  into  a  fully -dense 
controlled  microstructure.  Such  samples  must  serve  as  the  standard  mlcro- 
structxire  with  which  subsequent  experiments  with  doped  materials  will  be 
compared.  Progress  is  described  in  Section  lY. 

III.  THEORY  AKD  PREVIOUS  RESUITS 


3.1  *a>eorls8  of  Grain  Growth 

romal  grain  growth  describes  a  process  in  which  the  average  grain  size 
of  a  strain-free  material  increases  coDtinuousIy  with  time  at  elevated 
teaqpcrature  without  appreciable  change  in  the  diatributiem  cf  grain  sizes. 

"Bie  driving  force  is  the  difference  in  ettergy  between  large-  and  fine-grained 
material  which  results  from  reduction  of  grain -boundary  ax«a-  m  cootrast, 
discontinuous  or  "boormal  grain  growth  is  a  process  in  which  a  few  large 
grains  grow  at  the  expense  of  a  fine-grained  matrix. 

For  normal  gra^  growth  in  a  pure,  fully  dense  system,  a  theory  due 
to  Turnbull  predicts^ 

-  Dq  .  (K  r  V)  t  (1) 

where  D  is  sverags  grain  diameter,  it  initial  grain  diameter,  K  is  a  rate 
constant,  Jf  is  interfacial  energy,  7  is  molar  volume,  and  t  ia  tixae. 
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In  non-ideal  systems  either  the  migration  rate  of  pores  ’  ,  the 

diffusion  of  solid  solution  impurities^  ("impurity  drag"),  or  precipitation 
of  second  phase  may  control  grain-growth  kinetics.  Brook^^  has  considered 
the  mlcrostructural  conditions  for  which  each  effect  might  be  expected  to  be 
dominant.  His  results  show  that  control  by  boundary  mobility  is  to  be  expected 
when  pores  are  small.  Sei)aratlon  of  boundaries  from  pores  (pore  entrapment), 
is  to  be  expected  when  the  pore  velocity  becomes  less  than  the  boundary 
velocity  and  will  occur  at  large  grain  sizes  and  when  the  pores  are  large  and 
widely  dispersed.  Porosity-controlled  grain-growth  occurs  at  small  grain 
sizes  and  when  the  pores  are  large  and  close  together.  The  effect  of 
impurity  is  to  increase  the  mobility  of  pores  relative  to  that  of  the  boundary 
and  thus,  for  a  given  grain  size,  increase  the  boundary-controlled  region  of 
behavior  at  the  exi)en8e  of  the  pore  entrapment  region. 

3.2  Previous  Results  for  Magnesia 

Several  studies  of  grain  growth  in  magnesia  have  been  conducted,  but 
the  influence  of  porosity  and  impurity  on  the  process  is  not  clear.  Measure¬ 
ments  by  Daniels  et  al^  were  among  the  first  to  be  conducted  on  a  ceramic  oxide. 
The  data,  indicated  normal  grain  growth,  but  the  measurements  were  complicated 
by  the  presence  of  considerable  porosity  euad  attendant  denslfl cation  during 
annealing  of  the  specimens.  Subsequent  measurements  at  Avco^  were  the  first 
to  be  conducted  '<lth  a  fully  dense  oxide.  The  kinetics  of  normal  grain  growth 
ware  again  observed  but,  in  the  absence  of  porosity,  growth  rates  were  4  to  6 
times  more  rapid.  Addition  of  1^  Fe  or  T1  impurity  to  magnesia®  produced 
grain  growth  rates  much  smaller  than  those  observed  in  earlier  studies  of 
either  the  porous*^  or  fuUy-dense  coinpects5  and,  further,  a  change  to  a  time 
dependence  of  l/k  and  I/3  for  the  Pe  and  T1  additions,  respectively. 

A  detailed  study  of  grain  growth  in  pure  and  Fe203-doped  magnesia  with 
objectives  similar  to,  but  not  identical  with,  the  present  work  was  reported 
by  Gordon  et  al*^  midway  throu^  the  present  study.  Their  results  may  be 
summarized  as  follows.  Pure  MgO  did  not  exhibit  the  t«  dependence  of  earlier 
studies,  but  exhibited  an  exponent  yAdch  decreased  with  time.  Grain  growth 
was  probably  controlled  by  poi*08lty  in  pure  magnesia  at  adl  temperatures 
even  though  the  amounts  of  porosity  were  small  (less  than  1^}.  The  addition 
of  Fe203  decreased  the  rate  of  grain  growth  and  tended  to  st^ilize  normal 
grain  growth  kinetics. 

From  the  above,  it  appears  that  earl^'  results,  in  which  normal  grain 
growth  kinetics  were  observed,  represent  experiments  in  which  olcrostructure 
evoluticHQ  was  controlled  by  impurities.  In  high  purity  specimens,  samples 
of  full  theoretical  density  are  required  If  kinetics  are  not  to  be  dominated 
by  porosity.  Preparation  of  the  starting  materials  wl‘:b  tbe  r’^quisite  fine 
grain  size  will  be  difficult  since,  in  tbe  absence  of  porosity  and  Impurities, 
tbe  initial  gra.ln  growth  Is  expected  to  be  very  rapid.  Qcperlence  in  the 
present  program  has  borne  this  out.  While  the  presence  of  impurities  has  been 
dmmonstrated  to  retard  grain  growth  kinetics,  the  redistribution  and  state  cf 
tbe  impurities  as  tbe  mlcroatructure  evolves  has  yet  to  be  examined  and 
interpreted  in  terms  of  impurity  diffusion  rates . 
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IV.  PROGRAM  PROGRESS 


4.1  Powder  Preparation 


Successful  consolidation  studies  require  a  highly  reactive  powder  which, 
of  course,  usually  dictates  that  the  average  particle  size  is  submicron. 

Several  years  ago  a  detailed  search  of  commercial  MgO  powder  suppliers  failed 
to  reveal  a  source  of  high  purity  (?  99>99f>  MgO)  submicron  MgO.  However, 
high  purity  Mg(0H)2  and  MgC03  were  available.  Thus,  careful  control  of  the 
calcination  process  could  in  theory  produce  the  desired  starting  powder. 
Fabrication  studies  were  perfox-ri^d  on  powders  calcined  from  Mg(0H)2  and  a 
renewed  effort  to  locate  commercial  submicron  high  purity  MgO  powder  was 
initiated . 

The  Mg( 011)2*  powder  was  characterized  by  x-ray  diffraction  and  electron 
microscopy  techniques.  The  powder  was  shown  to  be  brucite,  Mg(0H)2#  and 
Figure  1  illustrates  the  plate-like  morphology  of  the  starting  powder.  The 
calcination  to  MgO  was  studied  y-’-  performing  both  static  and  dynamic  calcinations 
and  examining  the  morphology  in  uhe  electron  microscope.  Also,  brucite  was 
decomposed  in  the  electron  beam  and  the  development  of  the  MgO  crystallite 
was  directly  observed.  This  latter  effort  will  be  discussed  first. 

Figure  2  shows  diffraction  patterns  recorded  during  actual  decomposition 
of  a  brucite  platelet.  In  the  initial  diffraction  pattern  (Figure  2a),  the 
(110)  prismatic  planes  and  (lOO)  type  planes  for  brucite  are  present.  The 
(220)  reflections  for  periclase  are  missing,  but  other  MgO  diffraction  spots 
are  present.  After  20  seconds  of  beam  heating  (Figure  2b),  the  (220) 
magnesium  oxide  spots  appeared  on  the  same  radius  vectors  as  the  (UO)  binicite 
reflections.  However,  the  (100)  and  (110)  brucite  reflections  were  still 
visible.  Upc^  further  heating,  a  more  distinct  separation  was  observed  between 
t.*e  magnesium  oxide  reflections  and  the  brucite  spots.  The  brucite  spots 
gradually  diminished  in  intensity  until  only  the  periclase  single  crystal 
pattern  remained  having  a  zone  axis  (Figure  2c). 

Powders  were  statically  calcined  in  a  2  mm  deep  bed  laader  a  partial 
vacuum  at  several  temperatrire  and  times.  Initially  suitable  temperatures  and 
times  were  i- elected  frcwi  the  kinetics  of  studies  of  Gordon  and  Kingery.  ^ 

Calcination  at  375°C  for  55  minutes  resulted  in  agglomerates  up  to 
10  microns  and  Individual  rnrHl-crystal  platelets  of  0.8  microns  (Figure  3a). 
X-ray  line  broaoening  demonstrated  that  MgO  particle  size  was  in  the  100  angstrom 
size  range  and,  indeed,  a  high  magnification  examination  of  a  platelet  revealed 
this  size  MgO  crystallite  within  a  relic  of  the  original  brucite  platelet. 

Holding  the  calcination  at  375°C  for  I80  minutes  (Figure  3h)  resulted  in  a  rod- 
like  shape.  This  suggests  that  oriented  growth  of  MgO  occurs.  Some  of  the 
small  MgO  particles  fractured  apart  possibly  from  strain  associated  with  the 
nucleation  and  growth  process.  With  this  tendency  for  oriented  growth,  it 
would  appear  to  be  desirable  to  break  down  the  relic  brucite  structure  prior 
to  hot  pressing  cr  sintering.  If  this  is  not  accomplished  it  is  quite  possible 
that  eqvlaxed  microstructures  would  be  extremely  difficult  to  produce. 


*  Purchased  from  Johnson-Matthey  throu^  United  Mineral  Corp.  (u.S.  Distributors). 
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Figure  1.  Electron  Micrograph  of  Purity  Mg(0H)2  Powder. 


Figure  2.  Electron  Diffraction  Patterns  of  Brucite  Single  Crystal 
Decomposition  in  the  Electron  Beam,  a.)  initial  pattern, 
b)  20  seconds  exposure,  and  c)  after  4o  second  exposure. 
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Figure  3.  Structure  of  MgO  Crystallite  vlthin  a  Relic  of  a 
Brucite  Platelet  after  Calcination  at  (a)  375OC, 
55  Minutes  and  (b)  375°C,  I80  Minutes. 
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The  initial  process  studies  resulted  in  a  duplex  microstructure,  and 
one  interpretation  for  the  results  was  centered  on  a  strong  influence  of 
retained  OH”  on  microstructure  development.  This  combined  with  a  desire  to 
break  up  agglomerates  led  to  the  constmction  of  a  dynamic  calcining  apparatus. 
The  Mg(0H)2  powder  was  held  within  a  new  platinum  cylinder  reserved  for  this 
program  and  it  in  turn  was  positioned  within  a  closed  end  high  purity  alvimina 
tube.  This  tube  was  positioned  at  a  20°C  incline  and  was  rotated  at  2  rpm 
and  evacuated  during  calcinations  up  to  1200°C. 

A  series  of  calcinations  were  conducted  at  temperatures  greatly  in 
excess  of  those  required  to  decon^jose  brucite.  Figure  4  illustrates  the 
crystallite  structure  over  the  range  of  conditions  employed.  Figure  4a. 
illustrates  a  disc-shaped  agglomerate  with  very  tlg^t  packing  of  crystallites 
and  a  mean  crystallite  size  of  260  A.  Calcining  200°C  hlgjher,  1000°C,  developed 
cube  crystallites  still  tightly  packed  into  agglomerates.  The  agglcanerates 
are  no  longer  disc -shaped  as  some  fracturing  appears  to  have  taken  place.  One 
or  two  agglomerates  (arrow)  appear  to  have  sintered  into  a  ti^t  large  crystal 
(these  may  have  retained  some  of  their  polycrystallinity  but  they  are  certainly 
seeds  for  secondary  grain  growth).  The  highest  temperature  employed,  3200  c, 
developed  the  crystallite  size  to  3^0  A  and  continued  the  development  of  a 
cubic  habit.  Further,  the  crystallites  within  an  agglomerate  appear  to  be 
crystallographically  oriented  to  each  other.  This  creates  boundaries  within 
an  agglomerate  that  are  "special"  and  may  well  have  quite  different  grain 
boundary  migration  rates  than  non-orlented  boundaries  which  are  present  in 
some  agglomerates  but  more  commonly  occur  between  crystallites  from  adjacent 
agglomerates . 

Two  dynamic  calcination  runs  w*»Te  conducted  with  reagent  grade  MgC03* 
and  the  resultant  structures  are  illustrated  in  Figure  5*  Also  shown  is  a 
micrograph  of  MgO  powder  purchased  from  Honeywell  who  in  turn  calcined  the 
powder  from  a  second  reagent  grade  of  The  agglomerates  are  much 

larger  for  the  800°C-1  hr.  calcine  them  they  were  for  material  calcined  from 
Mg(0H)2»  The  agglomerates  are  much  more  open;  that  is,  a  greater  space  appears 
between  crystallites.  Fig’re  5b  illustrates  the  development  of  a  cube  crystal 
habit,  as  was  the  case  for  higher  temperature  calcined  from  Mg(0H)2*  The 
individual  crystallites  within  an  agc^lomerate  do  not  appesir  to  be  crystallo- 
gp?aphically  oriented  to  each  other.  The  Honeywell  material  illustrated  in 
Figure  5c  possesses  a  larger  crystallite  size  than  any  of  the  other  MgO 
powders  calcined  in  this  progp^;  however,  the  agglomerates  appear  scnnewhat 
smaller  and  more  loosely  packed  than  the  rotary  calcinations  of  MgCOj. 

The  distribution  of  crystallite  sizes  was  examined  for  the  1200°C-1  hr 
calcination.  The  data  plotted  on  log-normal  probability  paper  yield  a  straight 
line  (Figure  6)  Indicative  of  a  log-normal  distribution  •vdilch  is  expected 
for  normal  nucleation  and  growth.  Table  I  gplves  the  mean  crystallite  size 
for  the  various  calcination  treatments  tested  in  this  program.  Ihis  data  was 
analyzed  by  plotting  mean  crystallite  versus  log  time  where  applicable  and 
log  diameter  versus  reciprocal  teoiperature.  As  can  be  observed  from  examination 
of  the  table,  the  gprowth  kinetics  are  exceedingly  slow  with  an  activation 
energy  of  only  O.78  e.V.  The  self -diffusion  activation  energies;  3*^3  eV  for 
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TABLE  I 

MgO  CRYSTALLITE  FOR  VAKCOUS  CALCCTATION  TREAIMEUCS 


Starting 

Lot 

Mean  Crystallite 

Compound 

No. 

condition 

Temperature 

Time 

Size 

Mg(0H)2 

SH194* 

Static 

350 

55 

^100 

SHI94 

Static 

375 

55 

^100 

SH182 

Static 

375 

180 

-^100 

SH19*^ 

Static 

375 

180 

xvlOO 

SHI82 

Static 

800 

60 

450 

SHI82 

Dynamic 

800 

60 

260 

SHI82 

Dynamic 

900 

60 

263 

SHI82 

Dynamic 

1000 

60 

278 

SHI82 

Dynamic 

1100 

30 

268 

SHI82 

Dynamic 

1100 

60 

293 

SHI82 

Dynamic 

1100 

120 

299 

SHI82 

Dynamic 

1200 

10 

333 

SHI82 

rynamlc 

1200 

30 

358 

SHI82 

Dynamic 

1200 

60 

363 

MgC03 

7CX)752<t* 

Dynamic 

800 

60 

152 

700752 

Dynamic 

1100 

30 

318 

«  jQhQsoa-MBktthey 
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and  2.71  eV  for  0^“,  are  significantly  higher  indicative  that  some 
other  process  than  lattice  self -diffusion  controlling  the  i>owder  growth 
process.  Suggested  limiting  mechanisms  include  dlffxxsion  across  grain 
■boundaries  or  dynamics  of  the  rotating  powder  bed.  The  fact  that  the 
crystallites  from  the  static  800°C  calcine  were  about  twice  as  leurge  as  from 
the  dynamic  calcine  undergoing  the  same  thermal  history  strongly  suggests 
the  latter  as  the  limiting  step.  Because  of  the  low  growth  rate,  a  number 
of  calcination  runs  were  condiicted  at  1200*^0  for  1  hour  giving  a  very  fine 
particulate  powder  \rtiere  a  high  degree  of  decomposition  and  volatilization  of 
01?“  could  be  realized. 

k.2  Consolidation 

Vacuum  hot  pressing  techniques  were  employed  for  dens ifl cation.  High 
strength*^  graphite  dies  were  employed  \dilch  allowed  pressing  up  to  15,000  psi. 

T5ie  powder  was  loaded  into  the  die  under  static  air  glove  box  conditions, 
placed  irto  the  assembly  and  lightly  cold  pressed.  After  evacuation  the 
sample  was  heated  to  800°c  without  pressure  to  allowed  continued  outgassing. 

At  this  point,  pressure  application  was  continued  while  temperature  was  increased 
until  both  desired  parameters  were  achieved.  The  time  of  pressure  application 
was  in  part  governed  by  past  experience  and  also  guided  by  the  deflection 
rate.  T^Pical  vacuums  at  peak  temperature  were  in  the  order  of  1  x  10"^  mm  Hg. 

An  inltlcd  series  of  specimens  were  hot  pressed  using  powder  calcined 
statically  at  375®C  for  I80  minutes.  Three  structures  representative  of 
samples  hot  pressed  at  three  different  temperatures,  are  shown  in  Figure  5.  A 
hierarchy  of  fine  grains  is  apparent  in  Figure  7a  and  these  are  also  pr.-sent, 
but  in  a  smaller  c<mcentratloo,  in  Figure  7b.  However,  Figure  7c  shews  a 
complete  absence  of  this  fine-grained  population.  The  main  and  probably 
controlling  variable  in  achieving  these  three  distinctly  different  micro- 
structures  was  the  hot  pressing  temperature.  Increased  hot  pressing  tempera¬ 
ture  favored  the  developeient  of  more  unifore  microatructures .  It  is 
particularly  noteworthy  that  this  decreased  concentratioa  of  fine-grains  did 
not  necessarily  require  increased  matrix  grain  intercept  size  (Figure  7a, 
grain  size  is  21  jim  and  Figure  7b,  grain  is  15  pm).**  Thxis,  temperature  is 
critical  to  the  evolution  of  the  fine-grain  material  to  large  equiaxed  grains. 

The  duplex  mlcrostructure  was  clearly  undesirable  from  the  stanupolnt 
of  suDsequent  property  or  grain  growth  studies,  it  vas  hypotl»8lzed  that  high 
temperature  dyttaale  calcining  would,  1)  reduce  the  concentration  of  volatiles, 
ai^  2)  break  down  agglomerates  idtere  either  effect  might  reduce  the  tendency 
for  duplex  grain  developmant.  Further,  It  was  desirable  to  achieve  fine 
aicrostructures  (  <  10  pm  grain  Intercept )  for  grain  growth  studies  as  growth 
is  difficult  to  measure  on  large-grained  material  except  at  very  high  tempa^a- 
tures.  A  series  of  hot  pressings  were  conducted  with  powders  calcined  under 
a  variety  of  conditions  outlined  in  Table  I.  Representative  Bdcrostructures  are 
illustrated  in  Figure  8.  Again,  the  hierarchy  of  fine  grains  was  observed, 
none  of  the  calcining  conditions  gave  the  desired  aicrostructures. 


*  Poco  (hraphite  Co. 

**  This  inversion  of  grain  size  with  increasing  thermal  history  is 
surprising  and  unexplained. 
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Hot  Pressing  Condltlcnu 
and  Resvilts 


SH182  -  Mg(  011)2 

180  ndn,  static  powder  calcine 

375  C. 

U50®C  -  15  KJpsl  -  90  min. 

3.565  sn/cc  -  21  ;ain  grain  intercept 


#4904  (b) 


SBIS2  Mg(QR) 

375®C  -  180  Bin.  static  powder 
calcine 

1200OC  -  15  !Q?al  -  115  nln. 

3.580  ga/cc  -  15  /IB  grain  intercept 


SK19^  -  Mg(0R)2 

375®C  ”  100  nln.  static  powder 

calcine 

1450®C  -  8  I^i  -  112  nln. 
3.583  -  40  >■  grain  intercept 
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Figure  7*  Microstructure  cf  Tliree  Blgb  Purity  Mflp  Hot  Pressed 
Specimens  Pressed  from  Mg(0H)2  Derived  powder  after 
Various  Hot  I^ssing  Cycles. 
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Hot  Pressing  Conditions 
and  Results 


SHI94  Mg(OH)p 

600°C  -  60  min.  static  calcine 
il50°C  -  15  Kpsl  -  115  min. 

3.5^9  gp/cc-  10  pm  grain  intercept 


SHI82  Mfc(OH) 

1200°C  -  60  min.  dynamic  calcif'e 
1155°C  -  15  Kpsi  -  90  rain. 

3.586  gm/cc  -  6  ;Lni  grain  intercept 


SHi6g  Mg(0H)2 

ItC^  C  -  60  min  dynamic  calcine 
1255°C  .  15  Kpai  -  30  min. 

3.601  gm/cc  -  16  pm  grain  intercept 


Figure  8.  Microstructure  of  ■Riree  High  Purity  HgO  Hot  Pressed 
Speciaens  Pressed  froa  Ng(0R)2  Derived  Powder  after 
Various  Powder  Calcining  Cycles. 
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The  evolution  of  the  duplex  mlcroatructure  was  studied  by  deliberately 
terminating  several  fabrication  cycles  at  intermediate  levels  of  density. 

The  microstructures  were  studied  by  a  combination  of  light  and  electron 
microscopy  techniques.  Representative  electron  micrographs  are  shown  in 
Figure  9.  The  sample  in  Figure  9a  is  6956  dense.  The  pores  appear  to  be 
located  priiarily  at  triple-i)oint  grain  intersections.  In  general,  the  grain 
size  appears  to  be  about  0.3  jjm.  However,  even  at  this  point  there  are  many 
grains  far  outside  the  expected  normal  distribution  of  grain  sizes;  namely, 
about  0.5  |jm.  Figure  9b  illustrates  the  structiu:*e  of  92.5^t  density.  The 
denslfication  appears  to  be  non-Tiniform  with  0.1  cm  lens-shaped  regions  of 
high  density  (arrow  A)  having  a  smaller  grain  size  (0,3  Wc)  than  the  matrix 
end  patches  (arrow  B)  of  low  density  with  a  grain  size  (O.5  /an)  about  equal 
to  the  matrix.  The  pores  in  the  low  density  area  have  a  sirnilM*  morphology 
to  those  from  the  low  density  seunple.  The  dense  san^le  shown  in 

Figure  9c  exhibits  the  strong  duplex  grain  structure.  The  fine-grains  are 
now  1  pm  and  the  large  grains  are  new  in  the  30  pm  range.  Some  porosity 
(arrow  c)  is  associated  with  the  fine-grain  size  area.  Thus,  it  is  apparent 
that  the  duplex  microstructure  evolves  during  the  initial  stages  of  densific- 
ation.  Also,  there  are  zones  of  varying  density  during  the  cycle  which  may 
contribute  to  the  non-uniform  stnictiore  but  are  probably  not  the  main  cause. 

These  sispects  will  be  discussed  in  more  detail  in  Section  4.5* 

A  number  oi  fabrication  innis  wei’e  conducted  with  Honeywell  MgD  powder. 
Representative  microstructures  are  shown  in  Figure  10.  The  polished  sections 
of  both  samples  exhibited  little  porosity;  however,  the  amount  present  was 
concentrated  in  200  jm  spherical  regions.  The  sample  illustrated  in 
Figure  10  had  a  0,5  pm  grain  size  requiring  electron  microscopy  techniques 
to  resolve  the  etched  structure.  The  etching  has  severely  attacked  the  grain 
boundaries,  thus,  it  is  not  possible  to  identify  aiay  residual  porosity.  It 
is  especially  noteworthy  that  the  grain  size  is  about  30  times  smaller  than 
experienced  for  Mg(0H)2  derived  powder  piwcessed  by  the  same  cycle.  Hot 
pressing  the  Honeywell  powder  at  a  higher  temperature  (Figure  10b)  increases 
the  grain  intercept  to  ^  pm  and  some  tendency  exists  for  em  abnormal  grain 
size  distribution.  The  grain  intercept  is  still  ^  30  pm  less  than  would  be 
expected  for  the  Mg(0H)2  derived  MgO  (see  Figure  7c). 

4.3  Chemical  Analysis 

The  suppliers  chemical  analysis  for  the  two  lots  of  Mg(0H)2  and  a 
typical  analysis^®  for  Honeywell  MgO  are  given  in  Table  II.  lot  SH194  in 
particular,  represents  an  extremely  clean  analysis.  Sauries  produced  from 
Lot  SHI82  were  analyzed  on  an  earlier  program^'  by  spark  source  mass  spectro¬ 
scopy.  A  typical  analysis  for  a  hot  pressed  specimen  and  one  powder  lot  is 
also  shown  in  Table  I.  This  analysis  Illustrates  a  more  conservative  state¬ 
ment  of  purity  and  demonstrates  that  comparison  between  analytlc...x  techniques 
is  often  difficult.  For  exaoqile,  the  Ca,  Si  and  Na  analyses  show  a  considerable 
higher  impurity  concentration  for  both  the  powder  and  hot  pressed  specimen. 

It  appeals  that  Fe  and  Zn  are  introduced  during  consolidation  and  Cl,  S  and 
Na  arc  volatlzed  during  the  consolidation  process.  Total  impurity  concentrations 
were  actually  lower  in  the  fabricated  sample.  Analyses  conducted  under 
identical  conditions  are  required  for  a  well-founded  discussion  on  relative 
purity  of  powders.  Thus,  it  is  ^th  some  reservation  that  the  order  of 
increasing  purity  is  stated  as  SH194,  SHI82  and  MlO.  Powder  Lot  MIO  is  still 
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Hot  Pressing  Conditions 
and  Results 


Honeywell  -  MIO 

II50OC  -  15  Kpsi  -  90  min. 

3.551  gn^cc  -  0.5  um  grain 

intercept 


#5412-5  50OX 


Honeywell  -  MIO 
1250^0  -  15  Kpsi  -  90  min. 
3.585  gm/cc  -  6  pm  grain 
intercept 


Figure  10.  Microstructure  of  Two  MgO  Samples  Produced 
from  MgCOg  Derived  Powder. 
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TABLE  II 


IMPURITY  AHALYSIS  FOR  MA(3JESIA  BASE  POWDER  LOTS 


ARP  A  FABRICATED  SAMPLE 

Supplier  Emission 
Spectrography  Analysis 

^^ement  Lot  SH194*  Lot  sHl82*  ^ 


Spark  Source  Analysis 

Hot  Pressed  Sample 
1330  (from  Lot  SH- 
Lot  8HI82  182  Powder) 


A1 

1 

1 

50 

k 

4 

Ca 

1 

1 

200 

100 

100 

Cl 

10 

3 

Cu 

1 

1 

8 

5 

3 

S 

130 

10 

Au 

1 

HD 

1 

1 

Zn 

3 

20 

Fe 

10 

10 

4 

20 

PI 

RD 

30 

4 

0.6 

Si 

1 

HD 

150 

150 

150 

Mb 

HD 

5 

1 

1 

Na 

1 

1 

1500 

40 

*  united  Mineral 
^f*Honeywell 
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thought  to  be  a  factor  of  ten  more  pure  than  that  used  for  many  experimental 
research  programs3>^> 5,17  vhere  problems  with  grain  boundary  phases  have 
been  encountered. 

Grain  Growth 

Preliminary  grain  growth  studies  were  conducted  with  Mg(0H)2  (Lot  SH  19^) 
derived  MgO  hot  pressed  at  ll4-50°C  which  possessed  a  starting  grain  intercept  of 
34.2  um.  Pressing  at  this  temperature  achieved  a  normal  grain  size  distribution, 
but  the  large  grain  size  precluded  growth  studies  at  low  temperatures.  A  series 
of  runs  wre  conducted  at  l6lO°C  and  these  were  combined  with  data  collected 
earlier"^'  for  analysis. 

Specimens  were  cut  from  a  single  sample,  polished  and  etched.  A 
particular  location  in  the  sample  was  mapped  and  grain  intercepts  were  measured. 
The  grain  sizes  reported  are  average  grain  intercepts.  Specimens  were 
contained  in  a  closed  high  purity  AlgOo  crucible  and  were  in  contact  with  a 
hot  pressed  MgO  setter  plate  fabricated  from  the  same  high  purity  starting 
material  used  in  the  study.  Samples  wei*e  inserted  and  withdrawn  from  an  iso¬ 
thermal  air  furnace  for  the  prescribed  times.  They  were  ground  to  remove  any 
surface  effects.  After  repolishing  and  etching,  final  grain  sizes  were  measured 
in  the  same  location  in  which  the  initial  grain  sizes  were  measured. 

Grain  growth  data  plotted  according  to  equation  (l)  is  given  in 
Figure  11.  Ccmparetive  data  of  Spriggs  et  al5  and  Gordon  et  al^7  is  also 
illustrated.  Data  at  1525,  l6lO°C  and  that  of  Gordon  et  al,  exhibit  a  significant 
decay  in  growth  rate.  Plotting  the  data  using  different  times  exponents,  n, 
in  the  relation  =  k  t  at  values  of  n  up  to  did  not  fit  all  of  the 

data  although  the  fit  was  moderately  good  at  n  * 

The  microstructures  were  examined  carefully  after  annealing  for  the 
development  of  pores  and  their  location.  Figure  12  illustrates  the  structure 
after  annealing  for  about  1000  minutes  at  three  temperatures}  I300,  1525  and 
l6l0°C.  These  are  to  be  compared  with  the  starting  microstructure  illustrated 
in  Figure  7c.  The  pore  level  increases  with  increasing  annealing  temperature. 

In  general,  pores  eu:e  located  at  grain  boundaries;  however,  a  number  of  pores 
have  sepeirated  from  the  boundar’es  and  axe  located  within  grains. 

4.5  Discussion 

The  decomposition  of  Mg(0H)2  is  accompeuiled  by  a  3%  decrease  in  ir  i.al 
volume.  Early  researchers  reported  that  upon  decompo  ition  MgO  had  its  cubic 
{ 110]  and  (lll\  planes  peo^llel  to  the  prism  and  basal  planes  t>f  the  hexa¬ 
gonal  brucite  lattice,  respectively.  Gordon  euad  KingeryL5  observed  separate 
diffraction  spots  for  the  (llO)  brucite  and  (220)  magnesium  oxide  planes.  The 
positions  of  the  (llO)  and  (lOO)  brucite  never  change,  but  only  diminished 
in  intensity  while  the  (220)  planes  of  'nagnesium  oxide  shifted  from  a  value 
larger  than  the  listed  ASTM  d  spacing  to  the  predicted  value  as  the  decomposition 
progressed.  They  describe  the  process  as  a  nucleation  and  growth  mechanism  in 
which  the  magnesium  oxide  nuclei  form  coherently  with  the  brucite  matrix 
introducing  large  strains  and  causing  extensive  fracturing  of  the  platelets. 
Exactly  the  same  results  were  observed  in  the  present  electron  dlffractlcm 
studies,  Further,  the  existence  of  rod-like  crystallltos  (Figure  3b)  s’  ’gested 
that  a  preferred  growth  was  dominant  under  static  low  temperature  growth 
conditions,  A  different  mode  of  preferred  growth  was  evident  in  the  high 


Figure  1.  Grain  Grownn  in  High  Purity  MgO  and  Ooniparison 
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temperature  calcinations.  In  the  high  temperature  case  orthogonally 
equivalent  preferred  growth  rates  resulted  in  a  cubic  habit. 


The  coherent  nucleatlon  of  MgO  vlthln  the  Mg(0H)2  platelet  results 
in  crystallites  perfectly  oriented  one  to  anothe* .  Because  of  the  preferred 
growth  rate,  crystallite  growth  d\iring  calcination  results  in  somewhat 
larger  crystallites  within  the  brucite  relic  agglomerates  than  those 
crystallites  which  have  broken  away  from  their  parent  relic  structures.  This 
size  difference  is  not  large  in  the  powder  stage  as  witnessed  by  the  fact 
that  a  log  normal  size  distribution  was  obtained  for  the  1200°C-1  hr  calcine. 
However,  it  appears  that  the  enhanced  growth  within  agglomerates  becomes 
important  in  microstructure  developnent.  As  shown  in  Figure  9c,  grain  boundaries 
sweep  through  entire  agglomerates  leaving  very  large  grains.  Crystallites 
that  broke  away  from  their  agglomerate  parent  or  small  agglomerates  arrive  at 
quite  different  grain  sizes  upon  reaching  full  density.  Clearly,  abnormal 
grain  growth  conditions  arose  early  in  the  densification  cycle.  Somewhat 


analogous  results  occurred  in  sintering  studies  on  very  fine  yttrla-stabilized 
zirconia.^^  The  crystallite -agglomerate  explanation  for  the  duplex  grain 


struct\ire  development  appears  more  reasonable  than  one  based  on  retained 
volatiles  which  was  the  initial  hypothesis.  The  fact  that  dynamic  vacuum 
calcines  as  hl^  as  1200°c  still  resulted  in  duplex  microstructures  strongly 
suggest  that  volatiles  are  not  leading  to  retarded  or  accelerated  growth. 
Also,  of  course,  the  direct  observation  of  microstructure  evolution  points  to 
a  crystallite  agglomerate  interaction. 


MgCO^  undergoes  a  605^  reduction  •’n  molal  volume  during  conversion  to 
MgO.  Although  the  decomposition  mechanism  and  kinetics  are  not  well  known, 
this  larger  reduction  wdoubtedly  results  in  more  displacement  between 
crystallites  than  in  the  case  of  Mg(0H)2  derived  powder.  It  is  unlikely  that 
coherent  nucleatlon  occurs  as  the  cube-shaped  crystallites  are  randomly 
oriented  to  one  another  (Figure  5)*  ©lus,  preferred  growth  directions  do 
not  result  in  grain  boundaries  rapidly  sweeping  through)  an  agglomerate  relic. 

This  apparently  accounts  for  grain  sizes  a  factor  of  30-40  smaller  compared 
with  Mg(0H)2  derived  powder  processed  under  identical  conditions.  Possible 
chemical  effects  cannot  be  completely  discounted,  however.  A  particular 
impurity  species  may  be  present  in  this  99*99*-^6  pure  Honeywell  MgO  that  acts 
as  a  grain  growth  retardation  agent.  Earlier  Avco  studies  with  99*4^  pure 
MgO  (M83O3  derived)  yielded  6  pm  grain  intercept  after  240  minutes  at  1250°C 
which  supports  the  present  relative  order  of  grain  size  versus  hot  pressing 
cycle  versus  percursor.  Complete  satisfaction  on  this  point  must  await  a 
future  critical  experiment  where  chonistries  are  kept  as  close  as  possible 
for  MgC03  and  Mg(0H)2  derived  MgO. 

A  particularly  interesting  r.nd  surprising  result  of  this  study  was 
the  development  of  a  no/ml  grain  size  distribution  in  Mg(0R)2  derived  material 
hot  pressed  at  1450®C.  Usoally  upon  achieving  abnormal  grain  conditions,  the 
abnormal  structure  becomes  more  exaggerated  with  increasing  growth  xmlesa 
sQBie  event  such  as  primary  recrjetalli  nation  initiates  a  new  generation  of 
grains.”  Based  on  the  intenupbed  densification  mlcrostructure  studies,  it 
appears  that  an  abnormal  Intermediate  structure  devel  ped  into  a  normal  structure 
upon  further  growth.  BbzkI  evidence  to  explain  this  result  is  lacking  but 
one  possible  mechan3.sm  saay  be  obtained  by  evaluating  the  work  of  Brook^^  as 
discussed  earlier.  Grain  growth  up  to  the  point  illustrated  in  Figure  7b 
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could  be  boundary  controlled,  but  at  this  point  tne  large  grains  possess  a 
grain  size/pore  size  ratio  such  that  further  growth  becomes  slowed  and  falls 
into  the  pore  control  regime.  Meanwhile  the  small  grains  continue  to 
be  boundary  controlled  (a  faster  process)  affording  them  the  opportunity 
to  catch  up  to  the  large  grains  in  size.  Pores  are  not  readily  discemable 
in  Figure  7c,  but  further  heat  treatment  of  this  type  of  material  (Figure  12) 
demonstrates  the  presence  of  a  limited  porosity. 

The  grain  growth  kinetic  studies  demonstrated  a  marked  decay  in  growth 
at  long  times  which  was  similar  to  the  results  of  Gordon.  The  decay  occurred 
at  different  sizes  for  the  tiro  temperatures.  The  decay  is  thought  to  be 
related  to  the  competing  processes  for  grain  growth  control;  l)  boundary 
mobility  controlled  either  by  pure  intrinsic  diffusion  or  influenced  by 
impurity  drag,  or  2)  pore  mobility  controlled  (again  either  controlled  by 
intrinsic  or  impurity  influenced  diffusion).  The  growth  kinetics  are  likely 
to  change  from  square  to  cube  dependence  when  the  controlling  process  change 
from  boundary  to  pore  diffusion  controlled.  1'*^  Farther  decay  beyond  n  =  3 
was  observed  by  Gordon  et  al'  when  pore  sepeuratlon  occurred.  Figure  12  does 
illustrate  pore  entrapment,  thus  the  present  results  agree  with  those  of 
Gordon  et  al.  Pore  separation  apparently  leads  to  abnormal  grain  growth  as 
witnessed  by  the  disproportionate  number  of  grains  which  have  greater  or 
fewer  number  of  sides  than  the  idealized  nundjer  (6)  as  shown  in  Figure  'J2. 

This  may  occur  because  the  pores  become  disassociated  from  the  grain  boundary 
non -uniformly  breaking  away  first  from  one  boundaiy  and  then  another.  As 
pores  break  away  frcmi  a  boundary,  that  boundary  becomes  free  to  migrate  at 
a  faster  rate  than  boundaries  that  are  still  bound  to  pores.  This  could  easily 
lead  to  the  development  of  7  or  more  sides  on  a  grain  and  the  onset  of  abnormal 
growth. 

The  Inltlal^growtb  rate  was  subtly  hlf^er  than  that  for  the  study 
of  Spriggs  et  al.^'  This  could  be  a  result  of  less  impurity  drag  for  the 
hi^  purity  material,  compared  with  that  of  Spriggs  et  al  (about  99•^  pure 
MgO).  As  noted  above,  the  initial  portion  of  the  curve  was  thou^  to  be 
boundary  migration  controlled.  As  growth  became  pore  mlgrati(m  controlled, 
the  growth  rate  decayed  below  that  of  Spriggs  et  al.  The  material  of  Spriggs 
et  al  did  not  develop  porosity  during  the  hl^  temperature  anneals. 

The  cause  of  pore  development  in  one  material  and  absence  in  another 
is  uncertain;  however,  several  comments  are  appropriate.  The  material  of 
Si>rlg^  et  al  was  vacuum  hot  pressed  in  an  AI2O9  while  the  material  of 
Gordon  et  al  was  vacuum  hot  pressed  in  molybdenum  alloy  dies,  and  the  material 
of  the  present  study  vacuum  hot  pressed  in  graphite  dies.  Some  argument 
miglit  be  forwarded  for  graphite  leading  to  a  CO  entrapment  that  could  lead 
to  pore  coalescence  upon  annealing,  but  since  similar  results  were  obtained 
for  the  molybdenum  die  prepared  material,  this  does  not  appear  to  be  the 
common  factor.  The  develcpsent  of  0.1  to  O.yjL  poroalty  is  in  fact  quite 
coomtoD  in  annealing  and  grain  growth  of  hot  pressed  material.  This  is  thought 
to  arise  from  two  causes;  1)  expansion  of  micro-pores  that  were  constrained 
xmder  hydrostatic  loads  d\iring  hot  pressing  p  -  d  2)  coalescence  of  gas  molecules 
adsorbed  on  ff^n  boundaries.  The  best  know.,  ^ceptlon  to  statesmit  about 
annealing  causing  grain  girowth  is  traxtfparent  polycxystalliae  Mgu  produced 
by  the  process  incorporating^  1^  IdLF.  Annealing  is  part  of  this  process 
and  yields  very  transparent  materia:  as  UF  diffuses  via  the  grain  boundaries 
to  tbc  surface  and  evaporates,  part  of  this  process  may  be  to  sweep  potent;: al 
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pore  fozmliig  gas  molecules  to  the  siirface.  Tbls  point  is  brought  out 
becaiuse  recent  studles^T  of  99.4^  MgO  (the  chemistry  of  the  Spriggs  et  al 
study)  have  shown  that  a  very  thin  grain  boundary  pliase  exists.  Electron 
diffraction  identified  this  phase  as  Na^AUjjSiJiOij.  It  is  suggested  that 
this  phase  behaves  much  like  LiF^  sweeping  potential  pore  forming  molecules 
to  the  surface  or  keeping  them  In  solid  solution.  This  might  explain  the 
absence  of  porosity  in  the  study  of  Spriggs  et  al  and  account  for  the  major 
kinetic  difference  as  con^ared  with  the  studies  of  Gordon  et  al  and  the  present 
authors . 

V.  CaUCLUSIORS 


1.  Brucite  deconqxjses  by  the  coherent  nucleation  of  MgO  leaving 
crystallographieally  oriented  MgO  crystallites  within  em 
agglomerate  which  is  a  relic  of  the  Mg(0H)2  crystal.  Pre¬ 
ferred  growth  directions  resulted  in  a  rod  structure  when 
calcined  at  375°C  and  a  cube  when  calcined  at  900°C  and  above. 

2.  Abnozmal  grain  growth  develc^ab  70^  density  in  the  vacuum 

hot  pressing  coosolldatlon  cycle  leading  to  duplex  grain  structures 
for  Mg(0H)2  derived  powder.  It  appears  that  the  oriented 
crystallites  within  an  agglomerate  grow  extremely  rapidly  due 
to  the  "special"  nature  of  the  boundary.  Both  static  and  vacuum 
dynamic  calcined  material  give  the  same  results.  Hot  pressing 
at  hi^r  temperatures  (1^50°C)  than  required  for  full  densiflca- 
tlon  (1150^^)  develops  a  normal  grain  structure.  This  grain 
size  development  is  thou^t  to  be  related  to  the  competing 
processes  of  boundary  and  pore  control  on  grain  growth. 

5.  The  purity  of  the  fabricated  specimens  were  equal  to  or  greater 
t^an  the  powder.  Pe  and  2Xx  were  introduced  during  pressing 
while  Ca,  31  and  Ha  concentrations  were  lowered.  The  purity 
of  the  best  samples  counting  anions  (except  OE^)  and  cations 
were  99*965)1  MgD. 

4.  Nagoesium  carbonate  derived  MgO  also  yields  crystallites  with  a 
cubic  growth  habit  ,  hut  the  crystallites  within  an  agglomerate 
are  unorl anted  with  reapect  to  one  another. 

5.  Vhcuum  hot  pressed  bodies  from  MgCOo  derive  powder  have 
normal  grain  size  distrlhutlons  when  hot  pressed  at  1150°C  and 
a  factor  of  30  smaller  grain  size  than  Mg(0B)2  derived  powder. 
Sevuml  explanations  for  this  difference  were  discussed,  but 
the  moat  strongly  forwarded  was  the  absence  of  rapid  growth  due 
to  unorlented  crystallites  in  NgC!03  derived  agglomerates. 

6.  drain  growth  rates  decayed  during  axneals  at  1526^0  and  l6lC<%. 

This  was  due  to  the  transition  from  boundary  control  to  pore 
control  to  abnormal  grain  growth  since  poroelty  became 
apparrat  during  tlM  courae  of  tbe  anneals,  a  hypothesis  was 
forwarded  that  earlier  results  on  99*H(  NgO  followed  the  normal 
square  time  dependence  due  to  tbe  action  of  a  very  thin  grain 
boundary  phase  sweeping  out  pores  or  their  nuclei  and  hence, 
the  lack  of  pore  control  throughout  tbe  aomeal. 
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